The advisability of controlling the temperature rise and fall in concrete at early age is well recognised as one of the factors preserving long-term performance and durability of structures. Of particular importance in design of waterretaining and massive concrete structures is T 1 , the difference between peak temperature of the section and mean ambient temperature. In previous studies, a cement hydration model was developed in order to predict T 1 for concrete made with low heat (LH) and very low heat (VLH) special cements. To test this model, a study was carried out to measure the early-age temperature rises for concrete elements containing blended cements, meeting the requirements for the LH and VLH classes. The effects of cement heat class, cement content, formwork type and section thickness on the temperature rise were evaluated for both cement types. Verification of the established models was evaluated by comparing measured temperature rises with those predicted. It was found that the model proposed in previous studies gave satisfactory prediction of T 1 values.
Introduction
The advisability of controlling the temperature rise and fall in concrete at early age is well recognised as one of the factors preserving long-term performance and durability of structures. When the difference between the peak temperature inside the concrete core and the mean ambient temperature is large, temperature gradients across the concrete section can initiate cracking. If these cracks are not minimised and crack widths controlled, serviceability may be seriously affected, particularly with respect to water-retaining structures.
One widely used method to reduce thermal cracking is to use cements with low heat of hydration characteristics. Indeed, in the European standards BS EN 197-1 1 and BS EN 197-4, 2 a single class of low heat (LH) cement has been defined in order to assist engineers in the selection of appropriate materials. In addition, BS EN 14216 3 defines very low heat (VLH) special cements as those which, through composition, fineness and reactivity of constituents, have a slower early hydration process than LH cements, and which are particularly suitable for dams and other massive structures that have a low surface/ volume ratio.
At present, however, engineers are unable to take full advantage of these cement classes because there is a lack of test data for cements meeting the specific limits, and the classes cannot be used in conjunction with current design guidance. [4] [5] [6] Recognising this, an extensive revision to CIRIA R91 6 has recently been carried out by Bamforth, as CIRIA C660, 7 to include guidance for use of blended cements and combinations meeting the LH and VLH classes. This revision has derived design data by using a model and computer program devised by the University of Dundee. 8, 9 Because the use of blended cements and combinations to achieve low heat cements is worldwide practice, for example ASTM C 595, 10 AS 3972 11 and GB 200, 12 the model and subsequent data are also applicable to nonEuropean practice.
The current paper describes a study carried out to verify the accuracy of the design data determined by the model and program, by comparing predictions of T 1 , the temperature fall from peak to mean ambient, with values measured on a number of concrete elements containing blended cements falling within the LH and VLH classes. Tests were carried out to assess the effects of cement heat class, cement content, formwork type and section thickness for a range of blended cements. 
Temperature profile calculation model
The heat of hydration model used in the present paper was developed in response to the incorporation of heat classes in the European standards for cement, and was specifically designed to allow the effect of blended cement composition to be taken into account. This was required because a review had indicated that current models in the literature [13] [14] [15] [16] [17] [18] were either: (a) over-complicated, requiring a large number of parameters that are not available in general engineering practice; for example cement mineral compositions, that is C 3 S, C 2 S, C 3 A and C 4 AF content, and their particle sizes; or (b) did not allow the non-PC content in cement combinations to be varied. A full description of the model is given elsewhere 8 and it is based on the Arrhenius function and refined De Schutter functions. 19 The program for calculating the early-age temperature profile of concrete is based on this model and general heat flow theory, 20, 21 and the variable parameters within the program are cement content, formwork type, section size, ambient temperature and placing temperature. Other parameters including the specific heat capacity and thermal conductivity of concrete, and the convection heat transfer coefficient may be adjusted if necessary.
It is assumed from general heat flow theory that the temperature distribution in a concrete cross-section, at any point in time, is the dynamic heat balance between the heat generated inside the concrete and the heat lost to, or gained from, the ambient. The temperature distribution within a concrete body or the momentary heat flow within the boundaries of the body is governed by the well-known Fourier law, which is given as the following differential equation
where T is temperature, 8C; t is time; K is the thermal conductivity of concrete, W/mK; q is the rate of heat generated inside the concrete body, W/m 3 ; r is the density of concrete, kg/m 3 ; c is the specific heat of concrete, J/gK; and x, y, z are Cartesian coordinates in the x, y and z directions.
For one-dimensional calculations, the solution to the Fourier differential equation was achieved using a finitedifference method. 22 Fig . 1 shows the simplified concrete model for temperature calculation. One element was considered for the formwork and the concrete wall was divided into n elements from the concrete surface to the centre. During the calculation, temperature values, T n , at time step m + 1 are calculated based on the results obtained at the previous time step m and the calculation formulae are as follows
where˜t is the interval; h is the convection heat transfer coefficient; K 1 , r 1 , c 1 are thermal conductivity, density and specific heat of formwork, respectively; K 2 , r 2 , c 2 are thermal conductivity, density and specific heat of concrete, respectively;˜x 1 ,˜x 2 are element thickness of formwork and concrete, respectively;˜Q is heat generated in the concrete element during the time interval; and C is the cement content of the concrete. Calculations used to determine˜Q in equation (2) were attained from the heat of hydration model and based on isothermal calorimetry tests carried out on Portland cement (PC), PC/fly ash cements and PC/ ground granulated blastfurnace slag (ggbs) cements. 8 The total heat evolution of cements was considered to be the sum of three components, viz. (a) the heat from an initial PC reaction, (b) a latent hydraulic ggbs reaction and (c) co-reactivity effects between the PC and ggbs, or PC and fly ash.
For two-dimensional calculations, the solution was achieved using a finite-element method (FEM): the heat of hydration model and the time step treatment of the calculation programme were the same as for the one-dimensional calculation; however, an object finite-element library (OFELI), developed by Touzani, 23 was used. It has been reported in the literature that a commercial FEM package can be used in two-dimensional calculations; 24 however this ½ concrete section thickness Formwork thickness FEM package only allows input curves of rate of heat generated plotted against time. This makes it unsuitable for modelling cement hydration, where the rate of heat generation depends not only on time but also on the history of hydration-that is, the total heat that has been generated. Therefore, it is necessary to develop some special sub-routines to meet the requirements of the hydration models.
The thermal properties used in the program are given in Table 1 . Values of 1 . 02 J/gK for the specific heat capacity and 3 . 5 W/mK for the thermal conductivity of concrete represent typical values for natural gravel concretes at the point at which the maximum temperature in the concrete is reached. 25 
Experimental programme of work
Experimental measurement of the early-age temperatures in 32 laboratory-cast concrete elements was carried out. Parameters investigated were cement type (PC/ggbs or PC/fly ash), ggbs or fly ash content, total cement content (250 kg/m 3 or 400 kg/m 3 ), formwork type (plywood or steel) and section thickness (250 mm, 500 mm or 750 mm). In total, eight different concrete mixes were prepared and four elements cast from each mix. Table 2 gives the test arrangement for each element.
Blended cements were produced by combining PC with various proportions of ggbs or fly ash to produce cements characteristic of factory-made cements or concrete combinations of the same composition currently available in the UK. The materials used were: (a) PC, strength class 42.5 N conforming to BS EN 197-1, 1 (b) ggbs conforming to BS 6699 26 and (c) fly ash conforming to BS 3892-1. 27 The physical and chemical properties of PC, ggbs and fly ash are shown in Table 3 .
PC/ggbs and PC/fly ash cements were prepared to meet the LH and VLH classes as defined in BS EN 197-1 1 and BS EN 14216. 3 Previous work had calculated the ggbs and fly ash contents that meet these classes. 10 Subsequently, the LH cements contained 45% ggbs or 30% fly ash by mass of cement, and the VLH cements contained 70% ggbs and 50% fly ash by mass of cement.
Concrete mix proportions are given in Table 4 . The coarse aggregates used were natural gravels of 20 mm maximum size, in two single-size fractions, 20-10 mm and 10-5 mm conforming to BS EN 12620. 28 Fine aggregates used were natural sands conforming to BS EN 12620. The cube strength and flexural strength for each mix are given in Table 5 . Figure 2 shows a typical section for the moulds used (250 mm). Note that a section thickness of 250 mm refers to the minimum section thickness, since the other dimensions were 500 mm and 1000 mm. For moulds with other section thicknesses, the general design was similar. The inner dimensions for the moulds of section thickness 500 mm and 750 mm were 500 3 750 3 1000 mm and 750 3 1000 3 1000 mm, respectively. The top and bottom faces were covered with an insulating styrofoam sheet to avoid transfer of heat vertically.
Thermocouples, made of nickel chromium/nickel aluminium alloys, were used to measure the temperature changes inside the concrete section. The measured temperatures at different points were recorded by a data-logger. For elements with section thickness of 500 mm or 750 mm, five temperature measuring points in the concrete section were arranged and numbered as shown in Fig. 3 . Thermocouple 1 (Therm1) was used to measure the temperature at the centre of the specimen. Therm3 and Therm5 were used to measure the temperature of the inside surface of the formwork. Therm2 and Therm4 were at the halfway point between the surface and the centre of the specimen. For elements with section thickness of 250 mm, only three temperature measurements were taken, with Therm2 and Term4 omitted owing to the small section. During testing, ambient temperature was measured from three points around the specimen and data-logger. For some selected elements, temperatures on the outside surface of the formwork were also measured.
Results and discussions
Typical temperature profiles of the concrete elements are shown in Figs 4 and 5. Tables 6 and 7 give a summary of data for each of the 32 elements tested The effects of cement heat class, cement content, formwork type and section thickness on the temperature rise of the concrete elements are discussed in the following sections.
Effect of cement heat class and cement content
The effect of cement heat class on T 1 values for 500 mm sections is shown in Figs 6 and 7 . Clearly, the VLH cements gave lower values than the LH cements. Noticeably, the difference between the two classes of cement was more pronounced for concretes containing lower cement contents. For example, for PC/ggbs concrete at a cement content of 250 kg/m 3 , VLH cement gave a 35-40% lower T 1 than the LH cements; however, for 400 kg/m 3 , T 1 was only 25% lower. For PC/fly ash concretes (Fig. 7 ) the differences were 30% and 12%, respectively. It should be noted that element G3, constructed with 400 kg/m 3 VLH PC/fly ash cement in plywood formwork, gave a higher T 1 value than the corresponding LH PC/fly ash concrete column; this is most likely a test error.
For a given class of cement, T 1 values increased with an increase in cement content. In terms of percentage increase, concretes containing VLH cements were more sensitive to cement content than those containing LH cements. However, in terms of temperatures as given in Fig. 6 , an increase in cement content from 250 to 400 kg/m 3 for an LH cement gave approximately 4-58C (40%) increase in T 1 , while for VLH cements the increase was 3-48C (70%). Similar phenomena were noted for PC/fly ash cements.
Comparisons of T 1 values obtained by various combinations when used in 500 mm sections (steel formwork) against 28-day cube strength are shown in Fig. 8 . This comparison shows that there is little significant difference in T 1 obtained using a 250 kg/m 3 LH cement and 400 kg/m 3 VLH cement. However, the difference in strength is much more significant. This would suggest that the optimum use of PC and ggbs or fly ash is to use a VLH cement at a high cement content rather than an LH cement at a low cement content: note that in this instance using a VLH cement at a high cement content results in a lower PC content within the blended cement (120 kg/m 3 compared with 135 kg/m 3 ).
Effect of formwork type
The use of plywood formwork is shown to lead to higher T 1 values than steel formwork, see Figs 6 and 7 for PC/ggbs and PC/fly ash cements respectively. This may be explained by the low thermal conductivity of plywood compared with steel. In general, comparing the data for the 500 mm thick elements, the use of plywood formwork gave a T 1 value of 1-28C (which is 10-12%) higher than that of the steel formwork. This is relatively low when compared to the data given in CIRIA Report 91 6 where differences of up to 100% are Table 6 . Results of PC/ggbs concrete column tests given. This may be because the specimens were cast and stored indoors and subsequently were not exposed to the cooling effects of wind, which is known to have a greater effect on temperatures of concrete within steel formwork than that within plywood formwork.
Effect of section thickness
The T 1 value increased with an increase in concrete section thickness in all cases. Fig. 9 compares measured data for cements meeting the LH class, and shows that the slope of the relationship between T 1 and section thickness reduces with section thickness.
Comparison with the prediction model
Comparison of the measured T 1 values with those predicted by the computer program are given in Figs 10 and 11 for PC/ggbs and PC/fly ash concretes, respectively. Where the ratio of the two smallest dimensions was greater than or equal to 2, a simple one-dimensional model as described in Ref. 2 was found to be suitable and give good approximation to the measured data. For the tests described, this condition only relates to the 250 mm sections. For the 500 mm and 750 mm sections, where the width-to-height ratios were 1 . 5 and 1 . 3 respectively, the one-dimensional model was found to be inaccurate. For these specimens, the two-dimensional model described in the above section 'Experimental programme of work' was used. This FEM program may also be used to predict temperature changes for other geometric elements.
These results shown in Figs 10 and 11 suggest that the model gives a good approximation for both PC/ ggbs and PC/fly ash concretes with most of the elements tested falling within AE28C of the estimated value. It is confirmed that the model and program proposed 7, 8 can be used with satisfactory precision, and that the data derived for use by engineers are suitable. 29 Further work was carried out to use the model to predict the temperature rise in real mass concrete construction in situ.
As an example, Fig. 12 shows the arrangement of three thermocouples positioned in a 1 . 2 m thick tunnel skin wall for a construction project in the south of England. The skin wall was cast with an LH cement comprising 50% ggbs, and was cast directly against piles and soil. Because of the irregular section, the twodimensional FEM model was used for calculations. The 
Conclusions
Having measured the early-age temperature rise of 32 concrete elements, the effects of cement heat class, cement content, formwork type and section thickness on the temperature rise of the concrete elements were evaluated. VLH cements gave lower T 1 values than the LH cements, especially for lower cement contents. For a given class of cement, T 1 values increased with an increase in cement content and VLH cements appear to be more sensitive to this change. However, in terms of producing a concrete with low early-age temperature rise and high long-term strength, use of VLH cement at high cement content appears to be more effective than use of other cements at low cement content. The use of plywood formwork gave a T 1 value 1-28C (10-12%) higher than that of the steel formwork in this study, which is lower than that reported in Reference 6. The T 1 value increased with an increase in concrete section thickness; however, in the case of large section thickness, the T 1 increase rate tends to diminish with a further increase in section thickness. Comparison of the measured T 1 values with data predicted by the model 8, 9 showed that the model gives a good approximation for both PC/ggbs and PC/fly ash concretes with most of the elements tested falling within AE28C of the estimated value. 
